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 𝑇𝑔 − 𝑇𝑔,0 
 𝑇𝑔,∞ − 𝑇𝑔,0 
=
 𝜆𝛼 















log 𝑎𝑇 = −
 𝑐1( 𝑇 − 𝑇𝑟𝑒𝑓 ) 





















































𝐸 𝑟𝑒𝑙 = 𝐸∞ + ∑ 𝐸𝑚 ∙ 𝑒


















































































𝜀 = 𝜀 𝑡𝑜𝑡𝑎𝑙 − (𝜀 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜀 𝑐𝑢𝑟𝑖𝑛𝑔) (3.1)
𝐻 𝜀
𝜉𝑖
𝐻 = 𝜙0(𝛼, 𝑇)
 𝜀2 
 2 
− ∑ ( 𝐴𝑖












𝜎 = Ω0(𝛼, 𝑇) ∙ 𝜀 − ℎ1(𝛼, 𝑇)∑ ( 𝐴𝑖
0 ∙ 𝜉𝑖 ) 
𝑖
(3.3)














𝜎 = 𝐸𝑟(𝛼, 𝑇) ∙ 𝜀 + ℎ1(𝛼, 𝑇)∫ Δ𝐶 (𝜓 − 𝜓′) 
















[54] [11] 𝛼 𝑇 (3.6)
[45]
∆𝑡𝑘+1 = 𝑡𝑘+1 − 𝑡𝑘 𝑓
∆𝑓𝑘+1 = 𝑓( 𝑡𝑘+1 ) −  𝑓( 𝑡𝑘 )
𝑑𝑓𝑘+1
∆𝑡𝑘+1





𝑘+1 + { ℎ1
𝑘+1 ∑ [ 𝐶𝑖 ∙ ( ℎ2
𝑘 ∙ ∆𝐼𝑖
𝑘+1







𝑘 = ( ∆𝐸𝑟
𝑘+1 ∙ 𝜀𝑘 ) + [ ℎ1
𝑘+1 ∙  ∆ℎ2




 ]            
+ { ∆ℎ1




𝑘+1 ∙ ∑ [ 𝐶𝑖 ∙ 𝑆𝑖
𝑘 ∙ ( 1 − 𝑒


















  𝑑𝑎𝑘+1 
∙ ln ( 1 +
𝑑𝑎𝑘+1 
 𝑎𝑘 





 𝑑𝑎𝑘+1 + 1𝜏𝑖
 
∙ (𝑑𝑎𝑘+1 +
 1 − 𝑒






























 𝑎𝑘+1 − ( 𝑎𝑘 ∙ 𝑒













𝑘 = ( 𝑆𝑖
𝑘−1 ∙ 𝑒
−  ∆𝜓𝑘  𝜏 𝑖  ) + [( ℎ2
𝑘−1 ∙ ∆𝐼𝑖
𝑘
+ 2 ∙ ∆ℎ2
𝑘 ∙ ∆?̂?𝑖
𝑘











∆𝜓𝑘 𝜏 𝑖⁄ 10
−6
1 − 𝑒
−  ∆𝜓𝑘+1  𝜏 𝑖 =
 ∆𝜓𝑘+1 

















 𝑑𝑎𝑘+1 + 1𝜏𝑖
 
∙ ( 𝑑𝑎𝑘+1 +










 (2𝑑𝑎𝑘+1 + 1𝜏𝑖
) (𝑑𝑎𝑘+1 + 1𝜏𝑖
) 
∙ { (𝑑𝑎𝑘+1)2 +
 𝑎𝑘+1 








 𝜏 𝑖 
∙ (1 −
 ∆𝜓𝑘+1 
 2𝜏 𝑖 
) ]
+ [ (
  ∆𝜓𝑘+1 ∙ 𝑎𝑘 




















𝑘 = −∑ [ 𝐶𝑖 ∙ 𝑆𝑖
𝑘 ∙ ( 1 − 𝑒




𝑘 =  𝑆𝑖
𝑘−1 ∙ 𝑒
−  ∆𝜓𝑘  𝜏 𝑖 + ∆𝐼𝑖
𝑘
∙ Δ𝜀𝑘 (3.21)





log 𝑎𝑐 = (0.0026 ∙ 𝑇𝑐
2 − 0.0903 ∙ 𝑇𝑐 + 1.39) ∙




log 𝑎𝑐 = 0 (3.23)






log 𝑎𝑇 = −
 𝑐1 ∙ (𝑇 − 𝑇𝑟𝑒𝑓) 
 𝑐2 + (𝑇 − 𝑇𝑟𝑒𝑓) 
(3.24)
𝑐1 𝑐2 131.4 614.9 𝐾 [45]
𝑎𝑇








































1000 ÷ 1500 [ 𝑚𝑃𝑎 𝑠 ]
1.17 [ 𝑔 𝑐𝑚3⁄  ]
6.65 ÷ 6.85 [ 𝑒𝑞 𝑘𝑔⁄  ]
2922
40 ÷ 60 [ 𝑚𝑃𝑎 𝑠 ]
0.94 [ 𝑔 𝑐𝑚3 ⁄ ]
9.55 ÷ 9.75 [ 𝑒𝑞 𝑘𝑔⁄  ]
22 
 
100 ÷ 38 100 ÷ 47







105 °𝐶 4 ℎ
70 °𝐶










= 𝐴 ∙ 𝑒− 
 𝐵 
 𝑅𝑇 ∙ 𝛼𝑚 ∙ ( 𝛼 𝑚𝑎𝑥 − 𝛼 )𝑛 (4.1)
𝐴 = 274906 𝑠−1 𝐵 = 54888 𝐽 𝑚𝑜𝑙⁄
𝑅 𝑚 = 0.25 𝑛 = 1.01
𝑇𝑐 °𝐶 𝛼 𝑚𝑎𝑥
[58]
𝛼 𝑚𝑎𝑥 = ( 0.002 ∙ 𝑇𝑐 ) + 0.782 (4.2)
0.002 0.782




50 70 90 °𝐶
(4.1)
?̇? =
 𝛼 𝑘+1 − 𝛼 𝑘 
 ∆𝑡 𝑘+1
= 𝐴 ∙ 𝑒− 
 𝐵 




𝛼 𝑘 < 𝛼 𝑚𝑎𝑥 𝛼 𝑘 𝛼 𝑚𝑎𝑥
∆𝑡𝑘 = 1 𝑠
𝛼 𝑚𝑎𝑥
50 70 90 °𝐶 30179 9110
3135 𝑠




𝑇𝑐 (°𝐶) 0.74 0.83 0.89 0.91
50 110 155 − −
70 30 40 55 70
90 9 12 14 16
88.2%  




𝑇𝑔,0 = −40 °𝐶 𝑇𝑔,∞ = 136 °𝐶 𝜆 = 0.44 𝑇𝑔




𝛼 0.74 0.83 0.882 0.89 0.91 0.922 0.962 1
















2 𝑁 20 𝑚𝑖𝑛
2 𝑁
−0.25 𝑚𝑚/𝑚𝑖𝑛 5 𝑁 2 𝑁
[64]
 
110 °𝐶 70 °𝐶
𝛼 𝑚𝑎𝑥
2 𝑁 20 𝑚𝑖𝑛
27 
 
110 °𝐶 6 𝑀𝑃𝑎
𝑁 𝐹
𝑚𝑚2
𝐹 = 6 𝑀𝑃𝑎 ∙ ( 𝑤 ∙ 𝑡 ) (4.4)




5 𝑚𝑚 𝑚𝑖𝑛⁄ 90% 𝐹 2 𝑚𝑚 𝑚𝑖𝑛⁄
𝐹 20 𝑁 −5 𝑚𝑚 𝑚𝑖𝑛⁄
7 𝑁 −2 𝑚𝑚 𝑚𝑖𝑛⁄ 2 𝑁 −0.1 𝑚𝑚 𝑚𝑖𝑛⁄
 
110 °𝐶 70 °𝐶
𝛼 𝑚𝑎𝑥 2 𝑁 20 𝑚𝑖𝑛
2% 𝑚𝑖𝑛⁄ 0.45% 0.1% 𝑚𝑖𝑛⁄ 0.5%
12 ℎ

































30 𝑚𝑖𝑛 70 °𝐶 0.74
40 𝑚𝑖𝑛 70 °𝐶 0.83
55 𝑚𝑖𝑛 70 °𝐶 0.89
70 𝑚𝑖𝑛 70 °𝐶 0.91
110 𝑚𝑖𝑛 0 °𝐶
0.74
9 𝑚𝑖𝑛 0 °𝐶
155 𝑚𝑖𝑛 0 °𝐶
0.83
12 𝑚𝑖𝑛 90 °𝐶
0 °𝐶 0.882
50 °𝐶
70 °𝐶 0.922 50 °𝐶
70 °𝐶
0 °𝐶 0.962 50 °𝐶
70 °𝐶
51 𝑚𝑖𝑛 70 °𝐶 0.882
50 °𝐶
14 𝑚𝑖𝑛 0 °𝐶 0.882
50 °𝐶























 𝑤 ∙ 𝑡 
(5.1)
𝐹 𝑠ℎ𝑖𝑓𝑡𝑒𝑑 𝜀 𝑠ℎ𝑖𝑓𝑡𝑒𝑑
𝐹 𝑠ℎ𝑖𝑓𝑡𝑒𝑑 = 𝐹 𝑟𝑒𝑎𝑙 − 𝐹 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐹 (5.2)
𝜀 𝑠ℎ𝑖𝑓𝑡𝑒𝑑 = 𝜀 𝑟𝑒𝑎𝑙 − 𝜀 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝜀 (5.3)





(4.3) 𝛼  
∆𝑡 𝑘+1 1 𝑠
50 70 90 °𝐶
𝛼 𝑚𝑎𝑥 (4.2) 0.882 0.922 0.962 
31 
 










 𝑇 − 𝑇∞ 
 𝑇𝑖 − 𝑇∞ 
= 𝐴1 𝑒
(−𝜆1
2  𝛼 𝑡  𝐿2 ) (5.4)
𝑇𝑖 23 °𝐶 𝑇∞ 𝐿
2 𝑚𝑚
𝐴1 𝜆1























∆𝑇 𝑙0 = 50 𝑚𝑚
∆𝑙 = 𝑙 − 𝑙0 = 𝐶𝑇𝐸 ∙ 𝑙0 ∙ ∆𝑇 (5.6)
𝐶𝑇𝐸 =
 ∆𝑙 












50 °𝐶 3.3148 317.5 377.4 467.7 
70 °𝐶 3.5213 343.6 402.3 484.3 
90 °𝐶 4.2761 383.5 450.8 548.6 





50 70 90 °𝐶
50 °𝐶 50 70 °𝐶










0.882 RT − 50 °𝐶 3.8148 366.0 416.7 500.1 
0.922 RT − 50 °𝐶 3.4630 332.0 399.8 521.2 
50 °𝐶 − 70 °𝐶 4.7750 256.2 284.2 320.5 
0.962 RT − 50 °𝐶 3.6852 426.1 484.4 566.7 
50 °𝐶 − 70 °𝐶 4.7000 272.3 328.3 371.5 
1 RT − 50 °𝐶 3.7963 405.3 476.7 638.5 
50 °𝐶 − 70 °𝐶 4.7000 230.9 258.0 291.0 
36 
 
50 °𝐶 70 °𝐶
90% 95% 99%
− 50 °𝐶
50 − 70 °𝐶
50 70 °𝐶 50 °𝐶
50 70 °𝐶
(5.7)










 𝜎 𝑚𝑎𝑥 
 𝜀 𝑚𝑎𝑥 
=












4 ℎ 105 °𝐶









(°C) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
RT 
12.6701 2.5340 2.5232 0.0090 0.1351 12.1166 2.4233 2.4216 0.0130 0.1549 11.7934 2.3587 2.3540 0.0150 0.1689 12.2857 2.4571 2.4618 0.0110 0.1027 
50 °𝐶 
10.9346 2.1869 2.1891 0.0180 0.1524 11.1864 2.2373 2.2363 0.0130 0.1526 10.4388 2.0878 2.0830 0.0220 0.2046 11.6762 2.3352 2.3247 0.0110 0.1653 
70 °𝐶 
10.2133 2.0427 2.0395 0.0170 0.1568 10.1977 2.0395 2.0306 0.0130 0.1503 9.8006 1.9601 1.9498 0.0170 0.1692 10.3526 2.0705 2.0644 0.0150 0.1691 
90 °𝐶 
8.1158 1.6232 1.6231 0.0230 0.1808 8.4419 1.6884 1.6834 0.0200 0.1773 9.2935 1.8587 1.8412 0.0210 0.1914 9.3373 1.8675 1.8652 0.0170 0.1576 
110 °𝐶 






74% 83% 89% 91%
70 °𝐶 30 40 55 70 𝑚𝑖𝑛
42 
 
(𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
0.74 
10.4513 2.0903 2.0691 0.0810 0.7078 10.4932 2.0986 2.0643 0.0800 0.7462 9.0212 1.8042 1.7587 0.1030 0.8085 9.6950 1.9390 1.9061 0.0900 0.7692 
0.83 
11.7508 2.3502 2.3269 0.0420 0.4816 12.4563 2.4913 2.4622 0.0440 0.4856 13.4563 2.6913 2.6605 0.0380 0.4620 13.3334 2.6667 2.6471 0.0370 0.4345 
0.89 
13.8907 2.7781 2.7700 0.0390 0.3158 14.3541 2.8708 2.8590 0.0230 0.2914 14.2505 2.8501 2.8351 0.0250 0.2957 13.9174 2.7835 2.7434 0.0350 0.3670 
0.91 
14.0903 2.8181 2.8081 0.0210 0.2672 14.6868 2.9374 2.9220 0.0160 0.2398 14.5074 2.9015 2.8820 0.0210 0.2706 13.2025 2.6405 2.6288 0.0180 0.2177 
83%
89% 91%








0.882 50 70 90 °𝐶










(°C) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
50 
RT 
14.6117 2.9223 2.9202 0.0070 0.0999 16.3909 3.2782 3.2624 0.0060 0.1122 15.6835 3.1367 3.1267 0.0070 0.1146 16.1708 3.2342 3.2212 0.0040 0.0888 
50 °𝐶 
13.5003 2.7001 2.6978 0.0080 0.1064 14.9962 2.9992 2.9845 0.0090 0.1331 14.2505 2.8501 2.8409 0.0090 0.1317 14.6263 2.9253 2.9135 0.0070 0.1207 
70 
RT 
12.8137 2.5627 2.5587 0.0250 0.3364 14.7296 2.9459 2.9205 0.0200 0.3489 13.6672 2.7334 2.7166 0.0230 0.3658 11.7994 2.3599 2.3650 0.0250 0.3011 
50 °𝐶 
9.4288 1.8858 1.8775 0.0510 0.5240 10.2318 2.0464 2.0113 0.0540 0.6357 9.7503 1.9501 1.9225 0.0540 0.5913 8.4798 1.6960 1.6913 0.0530 0.4833 
90 
RT 
12.5167 2.5033 2.4851 0.0300 0.4127 12.5655 2.5131 2.5073 0.0290 0.3738 12.0245 2.4049 2.3912 0.0350 0.4093 13.8860 2.7772 2.7518 0.0240 0.3940 
50 °𝐶 
8.4368 1.6874 1.6660 0.0650 0.6265 7.8214 1.5643 1.5442 0.0700 0.6195 7.7050 1.5410 1.5186 0.0700 0.6030 8.6018 1.7204 1.6878 0.0640 0.6532 
74% 83%  
50 90 °𝐶




















74% 83% 50 °𝐶
0.74 0.83 50 90 °𝐶
(°C) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
50 0.74 
9.6430 1.9286 1.9059 0.0620 0.6828 8.8943 1.7789 1.7660 0.0640 0.6299 
0.83 12.7394 2.5479 2.5377 0.0300 0.3991 14.2678 2.8536 2.8426 0.0270 0.3930 
70 0.74 
8.8496 1.7699 1.7287 0.0770 0.7830 9.0325 1.8065 1.7838 0.0700 0.6953 
0.83 13.3807 2.6761 2.6548 0.0270 0.4463 12.1669 2.4334 2.4258 0.0320 0.4185 
90 0.74 
7.5575 1.5115 1.4843 0.0780 0.6840 8.5784 1.7157 1.6924 0.0700 0.7045 


























70 °𝐶 83% 
89% 91%





2 25 50 𝑚𝑚 𝑚𝑖𝑛⁄ 50 70 °𝐶











(𝑚𝑚 𝑚𝑖𝑛⁄ ) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
0.882 
2 15.3979 3.0796 3.0830 0.0030 0.0739 16.0594 3.2119 3.1972 0.0070 0.1221 
25 15.9751 3.1950 3.1568 0.0020 0.0959 16.6573 3.3315 3.2665 0.0010 0.1164 
50 16.3694 3.2739 3.1899 0.0010 0.1009 17.0266 3.4053 3.3070 0 0.1198 
0.922 
2 14.2343 2.8469 2.8427 0.0050 0.1019 14.6483 2.9297 2.9207 0.0070 0.1205 
25 14.8078 2.9616 2.9155 0.0020 0.1097 15.2875 3.0575 3.0041 0.0030 0.1252 
50 15.1785 3.0357 2.9467 0.0020 0.1162 15.6417 3.1283 3.0428 0.0020 0.1283 
0.962 
2 13.9255 2.7851 2.7844 0.0020 0.0454 14.1750 2.8350 2.8146 0.0110 0.1715 
25 14.4076 2.8815 2.8236 0.0010 0.0834 15.0391 3.0078 2.9356 0.0030 0.1587 
50 14.7632 2.9526 2.8483 0 0.1025 15.4675 3.0935 2.9962 0.0010 0.1645 
1 
2 13.6129 2.7226 2.7096 0.0100 0.1539 12.6736 2.5347 2.5306 0.0100 0.1617 
25 14.3881 2.8776 2.8143 0.0050 0.1615 13.3491 2.6698 2.6249 0.0020 0.1532 
50 14.8393 2.9679 2.8831 0.0020 0.1647 13.6965 2.7393 2.6633 0.0020 0.1466 
24 ℎ 4 ℎ 105 °𝐶
0.882 0.922 0.962



















(𝑚𝑚 𝑚𝑖𝑛⁄ ) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
0.882 
2 14.0015 2.8003 2.8043 0.0080 0.1172 14.6766 2.9353 2.9226 0.0090 0.1438 
25 14.6134 2.9227 2.8852 0.0020 0.1009 15.3501 3.0700 3.0083 0.0020 0.1195 
50 14.9352 2.9870 2.9092 0.0020 0.1026 15.7160 3.1432 3.0507 0.0010 0.1213 
0.922 
2 12.8265 2.5653 2.5658 0.0070 0.1158 13.3581 2.6716 2.6644 0.0100 0.1482 
25 13.4362 2.6872 2.6453 0.0020 0.1051 14.0290 2.8058 2.7557 0.0020 0.1205 
50 13.7739 2.7548 2.6735 0.0020 0.1097 14.3638 2.8728 2.7895 0.0010 0.1244 
0.962 
2 11.8472 2.3694 2.3618 0.0110 0.1496 12.6218 2.5244 2.5086 0.0120 0.1643 
25 12.6093 2.5219 2.4597 0.0030 0.1364 13.3961 2.6792 2.6134 0.0030 0.1473 
50 13.0203 2.6041 2.5117 0.0010 0.1439 13.8033 2.7607 2.6728 0.0020 0.1543 
1 
2 11.6777 2.3355 2.3243 0.0130 0.1831 10.8665 2.1733 2.1704 0.0140 0.1810 
25 12.5111 2.5022 2.4461 0.0040 0.1608 11.6255 2.3251 2.2855 0.0030 0.1549 


















(𝑚𝑚 𝑚𝑖𝑛⁄ ) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
0.922 
2 11.7297 2.3459 2.3466 0.0090 0.1196 12.2024 2.4405 2.4316 0.0100 0.1430 
25 12.3439 2.4688 2.4323 0.0020 0.1063 12.8611 2.5722 2.5270 0.0030 0.1200 
50 12.6617 2.5323 2.4633 0.0020 0.1100 13.1632 2.6326 2.5567 0.0020 0.1215 
0.962 
2 10.7842 2.1568 2.1516 0.0120 0.1532 11.5204 2.3041 2.2900 0.0120 0.1643 
25 11.5241 2.3048 2.2531 0.0030 0.1317 12.2788 2.4558 2.3958 0.0030 0.1431 
50 11.9014 2.3803 2.2935 0.0020 0.1364 12.6535 2.5307 2.4396 0.0020 0.1474 
1 
2 10.4208 2.0842 2.0714 0.0160 0.1904 9.6436 1.9287 1.9287 0.0170 0.1889 
25 11.2462 2.2492 2.1990 0.0040 0.1552 10.4226 2.0845 2.0489 0.0040 0.1535 















(𝑠) % (𝑠) %
(%)
90 95 99 (%) (%)





4.68 7.58 11.07 ℎ 90 95







70 90 °𝐶 0.922 0.962
6 𝑀𝑃𝑎
90 °𝐶
70 °𝐶 110 °𝐶
70 °𝐶
(𝑠) % (𝑠) %
(%)
90 95 99 (%) (%)
90 95 99
0.922 0.0280 1041.2 1452.4 1690.8 0.0360 -0.0110 30588 37968 43200 0.0290 927.7 1290.4 1521.8 0.0370 -0.0110 24339 34432 43200 
0.962 0.0300 1177.0 1539.3 1734.3 0.0290 -0.0030 22686 38841 43200 





























3.4837 𝑀𝑃𝑎 1.1594 𝑀𝑃𝑎











0.922 2.9309 9.8180 31323 37062 41897 2.7240 9.3137 32231 37310 42185 
0.962 2.1795 8.8743 24433 33407 41360 























𝑇 𝑇 𝑟𝑒𝑓 = 23 °𝐶 𝑐1 𝑐2




100 𝑚𝑖𝑛 [45] (3.23) 𝑎𝑐
1 𝑎𝑐 0 ÷ 1
70 °𝐶
50 70 90 110 °𝐶








𝑇 (°𝐶) 23 50 70 90 100
𝑎𝑇 1 2.9715 ∙ 10−6  4.6729 ∙ 10−10 1.2283 ∙ 10−13 5.1649 ∙ 10−17
𝑡𝑐 (𝑚𝑖𝑛) 30 40 55 70
𝑎𝑐 7.7535 ∙ 10−10 1.5524 ∙ 10−8 1.3908 ∙ 10−6 1.2459 ∙ 10−4
0 0.5%
2 𝑚𝑚 𝑚𝑖𝑛⁄ 30 𝑠
10 𝑚𝑠
[47]
𝜏𝑖 (𝑚𝑖𝑛) 𝐶𝑖 (𝑀𝑃𝑎)
2.922 ∙ 101 152.091
2.921 ∙ 103 170.074
1.824 ∙ 105 212.677
1.103 ∙ 107 288.871
2.830 ∙ 108 393.693
7.943 ∙ 109 673.423
1.955 ∙ 1011 472.114
3.315 ∙ 1012 152.240







(°C) (𝑀𝑃𝑎) (𝐺𝑃𝑎) (%) (104 𝐽 𝑚3⁄ )
RT 12.7040 2.5408 0 0 12.2165 2.4433 0.0120 0.1404 


















𝑎(𝑇, 𝑇𝑐, 𝑡𝑐) = 𝑎𝑇(𝑇) ∙ 𝑎𝑐(𝑇𝑐, 𝑡𝑐) (6.1)
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